Polyphasic evidence supporting the reclassification of Bradyrhizobium japonicum group Ia strains as Bradyrhizobium diazoefficiens sp. nov. Embrapa Meio Ambiente, C.P. 69, 13820-000 Jaguariú na, Sã o Paulo, Brazil
Biological fixation is the main source of nitrogen for natural and agricultural ecosystems. In agriculture, the symbioses of nitrogen-fixing bacteria, collectively known as rhizobia, with crops belonging to the family Leguminosae (5Fabaceae) are the most studied. Relatively high contributions to nitrogen nutrition have been demonstrated in pulses, fodders, green manures and trees (Ormeño-Orrillo et al., 2013) . Members of the genus Bradyrhizobium constitute an important group of rhizobia, some of which form symbioses with economically important crops, such as soybean [Glycine max (L.) Merr.] .
A first systematic classification of rhizobia was proposed by Fred et al. (1932) , based on the cross-inoculation concept with respect to the host legume, resulting in six species of Rhizobium: Rhizobium meliloti, R. trifolii, R. phaseoli, R. lupini, R. leguminosarum and R. japonicum, the last of which is a symbiont of soybean. Fifty years later, the taxonomy was redefined using numerical criteria, including several morphophysiological and genetic properties. A new genus was created, Bradyrhizobium, to accommodate rhizobia with the typical property of slow growth rates in culture media, with only one defined species, Bradyrhizobium japonicum (Jordan, 1982) . It is noteworthy that the division of rhizobia into fast and slow growers in vitro had been proposed earlier by Löhnis & Hansen (1921) .
It has been suggested that Bradyrhizobium is the ancestor of the alpha-rhizobia, probably originating in the tropics (Lloret & Martínez-Romero, 2005; Norris, 1965; Provorov & Vorob'ev, 2000) . However, despite its evolutionary position, significantly fewer species have been described in Bradyrhizobium in comparison with Rhizobium. One possible explanation is that the 'backbone' of modern taxonomy relies on the analysis of 16S rRNA gene sequences (Woese, 1987) , which are highly conserved in Bradyrhizobium (Germano et al., 2006; Menna et al., 2006; So et al., 1994; Urtz & Elkan, 1996; van Berkum & Fuhrmann, 2000; Vinuesa et al., 1998; Willems et al., 2001b) . However, high diversity in a variety of morphophysiological and genetic properties within Bradyrhizobium has been reported (Boddey & Hungria, 1997; Minamisawa, 1989; Minamisawa et al., 1998; Tian et al., 2012; Urtz & Elkan, 1996; van Berkum & Fuhrmann, 2001; Vinuesa et al.,1998) , and better resolution of species-level clades has been obtained by the analysis of other housekeeping genes using the MLSA (multilocus sequencing analysis) approach (e.g. Delamuta et al., 2012; Menna et al., 2009) .
Since the subdivision of strains classified as B. japonicum in 1992, with the creation of Bradyrhizobium elkanii (Kuykendall et al., 1992) , no other change has been proposed for B. japonicum, despite several reports of subgroups within this species. These reports started in 1980 when DNA-DNA hybridization (DDH) analyses defined two relatedness groups for B. japonicum strains (Hollis et al., 1981) , I and Ia, later confirmed by Kuykendall et al. (1992) . Urtz & Elkan (1996) also reported low DDH between the type strain USDA 6
T and the broadly studied group Ia strain USDA 110, proposed in our study as the type strain for a novel species. Other reports of heterogeneity within B. japonicum included differences in extracellular polysaccharide composition (Huber et al., 1984) , fatty acid profiles (fatty acid methyl esters) (Graham et al., 1995; van Berkum & Fuhrmann, 2001) , ribosomal and housekeeping genes (Delamuta et al., 2012; Germano et al., 2006; Menna et al., 2006; van Berkum & Fuhrmann, 2000; Vinuesa et al., 2008) and comparative genomics (Tian et al., 2012) , among others.
For the last two decades, our group has reported morphophysiological, genetic and symbiotic diversity within B. japonicum (Boddey & Hungria, 1997; Delamuta et al., 2012; Ferreira & Hungria, 2002; Germano et al., 2006; Menna & Hungria, 2011; Menna et al., 2006; Santos et al., 1999) , including a proposition, based on MLSA, that strains in group Ia might represent a novel species (Menna et al., 2009) .
In this study, we summarize differences reported by our group and other laboratories and, with additional analyses, we present new evidence to suggest that B. japonicum group Ia represents a novel species distinct from group I strains.
Four Bradyrhizobium strains used in this study, SEMIA 6059, SEMIA 5060, CPAC 7 and USDA 110 (Table 1) , were chosen from a previous MLSA study by our group based on a high level of genetic similarity (Menna et al., 2009) . SEMIA 6059 was isolated from winged bean (Psophocarpus tetragonolobus), and the others from soybean growing in the USA, Japan and Brazil; other Bradyrhizobium strains used in this study are listed in Table 1 . We always include comparisons with two strains well studied by our group because of their broad use in commercial inoculants in Brazil: group Ia strain CPAC 7, a natural variant of CB 1809 (Santos et al., 1999) , and group I strain CPAC 15, a natural variant of SEMIA 566 (Mendes et al., 2004) . CPAC 15 and SEMIA 566 belong to the same highly competitive serogroup as USDA 123 (Mendes et al., 2004) . All strains from this study are deposited at the Culture Collection of Diazotrophic and Plant Growth Promoting Bacteria of Embrapa Soja (Londrina, Brazil) and at the Center for Genomic Sciences Culture Collection (Cuernavaca, Mexico).
The rhizobia were grown on yeast extract-mannitol agar (YMA) at 28 u C. Stocks were prepared on YMA and kept for long-term storage at 280 and 2150 u C (in 30 % glycerol) and lyophilized, and at 4 u C as source cultures.
Genomic DNA extraction and fingerprints with the BOX-A1R primer were performed as described by Kaschuk et al. (2006) . Cluster analyses, performed with the Bionumerics 4.6 software using the UPGMA algorithm and Jaccard similarity coefficients, revealed that all four group Ia strains clustered at an 85 % similarity level (Fig. S1 , available in IJSEM Online). This group was separated from the group I B. japonicum strains USDA 6 T , CPAC 15 and SEMIA 566, as well as from other species of Bradyrhizobium.
The 16S rRNA gene and fragments of the atpD, glnII, recA, gyrB, rpoB and dnaK genes and of the 16S-23S rRNA intergenic transcribed spacer (ITS) were amplified using primers and conditions indicated in Table S1 , and were sequenced by using dideoxy termination as described before (Menna et al., 2009) . Accession numbers for the sequences used in our study are given in Table S2 . Multiple sequence alignment, alignment editing and phylogenetic analyses were performed with MEGA5 (Tamura et al., 2011) . Neighbour-joining (Saitou & Nei, 1987) and maximumlikelihood (Felsenstein, 1981) phylogenetic reconstructions gave similar results; therefore, only neighbour-joining phylograms are presented. For the ITS, a neighbourjoining dendrogram was reconstructed based on a matrix of uncorrected distances (Willems et al., 2001a) .
In the 16S rRNA gene phylogram, group Ia strains CPAC 7, SEMIA 6059, SEMIA 5060 and USDA 110 were clustered in a well-supported clade that was closely related to Bradyrhizobium daqingense, B. canariense, B. yuanmingense, B. liaoningense and B. japonicum (Fig. 1) . The results confirm a cluster reported previously by our group with ten strains, all but SEMIA 6059 symbionts of soybean (Menna et al., 2009) . Sequences of group Ia strains were 99.8-100 % identical to each other and showed 96.1-99.6 % identity to those of other Bradyrhizobium strains (Table 2) . Recently, two exact copies of the rRNA gene cluster (rrn) were identified on the chromosome of the group I strain USDA 6 T (Kaneko et al., 2011) whereas, in group Ia strain USDA 110, a single rrn copy was present (Kaneko et al., 2002) . The same difference was observed in the genomes of the Brazilian strains CPAC 15 (B. japonicum) and CPAC 7 (group Ia); therefore, this might be another differential characteristic of the two groups.
High diversity within B. japonicum in analyses of the ITS sequence has been reported before (van Berkum & Fuhrmann, 2000; Willems et al., 2001a) . Accordingly, in previous studies by our group with RFLP-PCR (Germano et al., 2006) and sequencing of the ITS genomic region (Menna et al., 2009) , differences between groups I and Ia were pointed out. Here, the dendrogram based on ITS sequences also revealed that group Ia strains were distinct from other bradyrhizobia (Fig. S2 ). ITS sequence similarity among group Ia strains was greater than 99 %, and less than 90 % with other bradyrhizobia; similarities between group I and Ia strains ranged from 83.5 to 84 % (Table 2 ). This observation is consistent with group Ia strains belonging to the same species; Willems et al. (2003) have shown that strains with more than 95.5 % ITS similarity usually show at least 60 % DDH and, therefore, belong to the same genospecies. Interestingly, group Ia strains were also characterized by a 37-nt insertion in the ITS (beginning 156 bp after the 16S rRNA gene in USDA 110) that was absent in group I strains. Therefore, this insertion may be characteristic of group Ia strains. Finally, it is noteworthy that, in a polyphasic analysis of the RFLP-PCR fragments of the 16S and 23S rRNA genes as well as the ITS, strains of groups I and Ia were positioned in different clusters (Germano et al., 2006) .
The MLSA approach has been used successfully in studies of Bradyrhizobium for over a decade (e.g. Menna et al., 2009; Moulin et al., 2004; Stepkowski et al., 2005; Vinuesa et al., 2008) . Recently, sequences of at least three housekeeping genes were used for phylogenetic analysis and taxonomic classification of bradyrhizobia (Chahboune et al., 2011 (Chahboune et al., , 2012 Chang et al., 2011; Zhang et al., 2012) , and our results support the use of this methodology for such purposes. Group Ia strains formed distinct and well-supported clades in single-gene phylogenies of atpD, recA and glnII, for which sequences of all described Bradyrhizobium species are available (data not shown). They were closely related to Bradyrhizobium betae LMG 21987 T with atpD and glnII genes, and were most similar to B. japonicum group I for the recA gene. It should be noted that, in a previous study, we showed that atpD had limitations for the study of some strains of B. elkanii, but not with B. japonicum (Menna et al., 2009) . Now, in this study, group Ia strains shared higher identities in their atpD and glnII genes than with all other Bradyrhizobium species, but that was not the case for the recA gene (Table  2) . Greater divergence in recA in comparison with other genes has also been found in the study of Chahboune et al. (2012) . In the concatenated atpD+glnII+recA MLSA phylogram, group Ia strains also formed a distinct clade and were part of the group of species belonging to the B. japonicum 16S rRNA gene phylogenetic branch, having B. betae as its closest taxon (Fig. 2) . Similar results were obtained when sequences of all six protein-encoding genes were analysed (atpD, glnII, recA, gyrB, rpoB and dnaK) (Fig.  S3) , confirming that sequences of three housekeeping genes seem to be sufficient for taxonomic classification of bradyrhizobia.
The draft genome sequence of group Ia strain CPAC 7, covering .99 % of the genome (our unpublished data), and the complete genome sequences of group Ia strain USDA 110 (Kaneko et al., 2002) and B. japonicum USDA 6 T (Kaneko et al., 2011) were used to estimate DDH, average nucleotide identity (ANI) and G+C content. A digital DDH methodology using genomic sequences correlated well with experimental determinations (Auch et al., 2010) and was used in our study to estimate the DDH of group Ia strains USDA 110 and CPAC 7, and of B. japonicum strains USDA 6 T and of CPAC 15, based on the draft genome sequence of this strain (.99 % of the genome; our unpublished data) (Table S3 ). Based on published recommendations (Auch et al., 2010) , we used the BLAT program and formula 3 for calculations. The estimated DDH between group Ia strains USDA 110 and CPAC 7 was 89 %, indicating that the two strains belong to the same species; in contrast, these two strains showed only 57.8 and 58.9 % DDH, respectively, with B. japonicum USDA 6 T , strongly indicating that the group Ia strains do not belong to the species B. japonicum. Experimental DDH values reported in the literature between group Ia strain USDA 110 and B. japonicum USDA 6 T are 44 % (Urtz & Elkan, 1996) , 55.5 % (Hollis et al., 1981) , 65 % (Rivas et al., 2004) and 65.5 % (Willems et al., 2001a) , all below the recommended 70 % threshold for species circumscription in prokaryotes (Stackebrandt & Goebel, 1994) . In addition, low DDH values were also reported in the comparison of USDA 110 with the type strains of B. liaoningense (61 %) and B. betae (63 %) (Rivas et al., 2004) . Willems et al. (2001a) used a DDH value of 60 % as a threshold for genospecies delineation in Bradyrhizobium; however, close inspection of their published DDH data indicates that this 'relaxed' value was probably used to accommodate group I and Ia strains into a single genospecies and a group of heterogeneous Aeschynomene strains into genospecies VI. The same authors recognized that genospecies VI seems to comprise at least two highly related subgroups (Willems et al., 2001a) , and that group I and Ia strains most likely correspond to different taxa (Willems et al., 2001b) . Interestingly, by using the approach of hybridization with cosmid profiles, Kuykendall et al. (1992) reported a mean value for the coefficient of similarity of only 0.36 between group I and Ia strains; in addition, the coefficients among group Ia strains (USDA 110, USDA 62, 61A50, 5631 and 8) were homogeneous at 0.88-0.94. ANI of genome sequences has been proposed as an alternative to DDH in prokaryotic taxonomy. First, it has been proposed that an ANI .94 % would correspond to 70 % DDH (Konstantinidis & Tiedje, 2004) and, lately, .95-96 % ANI has been accepted as the threshold for species delineation (Richter & Rosselló -Mó ra, 2009 ). Group Ia strains USDA 110 and CPAC 7 shared an ANI value of 98.7 %, indicating that this pair of strains belongs to the same species. B. japonicum strains USDA 6 T and CPAC 15 also shared a high ANI value (98.4 %), characteristic of isolates from the same species. In contrast, when group Ia strains were compared with B. japonicum strains, low values were obtained (~91 %), showing that these groups constitute different species (Table S3 ).
In conclusion, the results presented here emphasize DDH values lower than the 70 % threshold, and, in the comparison of USDA 6 T and USDA 110, include compiled data from experiments reported in the literature ranging from 44 to 65.5 %, as well as in silico results from our study for DDH (57.8 %) and ANI (91.1 %).
The G+C content was estimated by analysing genomic sequences with BioEdit (Hall, 1999) . First, the sequences of 13 contigs representing the CPAC 7 genome were concatenated. The calculated DNA G+C content of group Ia strain CPAC 7 was 63.98 mol%, which falls within the 60-64 mol% range of experimental values reported for Bradyrhizobium species (Xu et al., 1995) , and is closer to the 64.1 mol% value for group Ia strain USDA 110 than to the 63.67 mol% value for B. japonicum USDA 6 T .
It is also interesting to comment on the symbiotic component of these strains. In a previous study from our group, Menna & Hungria (2011) reported high similarity of common (nodA) and host-specific (nodZ) nodulation genes for symbionts of soybean and belonging to groups I and Ia. In addition, group I and Ia soybean strains showed high similarity of nitrogen fixation genes, including nifD (Koppell & Parker, 2012; Parker et al., 2002) and nifH (Menna & Hungria, 2011) . However strains from groups I and Ia but symbionts of other hosts, such as SEMIA 6059, isolated from P. tetragonolobus and unable to nodulate soybean, were positioned in different clusters in the study of Menna & Hungria (2011) , and similar results were obtained for other strains used by Parker et al. (2002) and Koppell & Parker (2012) ; in this last case, divergence was also associated with biogeography. Therefore, these results indicate the existence of additional symbiovars besides sv. glycinerarum in both group I and Ia strains. (MIDI, 2001) with the TSBA6 database after growth of strains on YMA for 5 days. All strains analysed showed C 16 : 0 and summed feature 8 (C 18 : 1 v7c and/or C 18 : 1 v6c) as major fatty acids (Table S4) , a typical characteristic of Bradyrhizobium (Tighe et al., 2000) . However, group Ia strains were distinguished from B. japonicum strains by having larger relative amounts of summed feature 8 and lacking C 16 : 1 v5c and 11-methyl C 18 : 1 v7c (Table S4 ). These results confirm differences reported previously in the composition of fatty acids for group Ia strain USDA 110 and group I strain USDA 6 T (Graham et al., 1995; van Berkum & Fuhrmann, 2001 ).
Several phenotypic characteristics were determined for group Ia strains and compared with those of strains of B. japonicum and B. betae, the two most closely related species. B. canariense, B. yuanmingense, B. cytisi, B. huanghuaihaiense, B. iriomotense, B. liaoningense and 'B. rifense' strains were also included as representatives of more distant bradyrhizobial groups within the B. japonicum 16S rRNA gene phylogenetic branch. Unless indicated otherwise, all tests were performed at 28 u C. Colony morphology and size, acid/alkaline production and tolerance to pH and temperature were determined in liquid YM while tolerance to 1 % NaCl on YMA, as described before (Hungria et al., 2001) . Ability to growth in liquid Luria-Bertani (LB) medium was also tested. Antibiotic resistance was evaluated using the disc diffusion method on YMA plates, or in liquid to test for high-level resistance to carbenicillin. Carbon-source utilization was determined using the API 50CH kit (bioMérieux), according to the manufacturer's instructions, using YM-minus-mannitol as the basal medium. Nitrogen source utilization was analysed in the defined medium of Brown & Dilworth (Bergersen, 1980) supplied with 0.25 % glucose as the carbon source. Dissolved compounds were filter-sterilized and added to a final concentration of 0.7 %. All tests were performed in triplicate. Group Ia strains analysed in this study showed similar reactions in most morphophysiological tests, although levels of carbon-source utilization were relatively variable (Table 3) . We observed that, in general, bradyrhizobia showed weak carbon-source utilization when evaluated with the API 50CH kit. Nevertheless, at least five phenotypic differences were observed between group Ia strains and all tested Bradyrhizobium species (Table 3) . Colony size was larger for group Ia strains than for the other species, except for B. yuanmingense (Table 3) . A cluster analysis of strains analysed based on the phenotypic data showed that group Ia strains are more similar to each other than to strains of other species (Fig. S4) .
In addition to the four strains from this study, several others from our previous studies, all symbionts of soybean, also fitted into group Ia (Chueire et al., 2003; Germano et al., 2006; Menna et al., 2009) (Table S5) .
Although strain USDA 6
T was not included in many studies from Japan and Thailand, undoubtedly several isolates from soybean also fit into group Ia (Minamisawa, 1989 (Minamisawa, , 1990 Yokoyama et al., 1999) . Other group Ia strains from the pioneer studies of Hollis et al. (1981) , Huber et al. (1984) , Kuykendall et al. (1992) and van Berkum & Fuhrmann (2001) are listed in Table S5 , together with strains from other recent studies.
Based on all the genotypic and phenotypic evidence presented in this study, we propose the reclassification of former B. japonicum group Ia strains into a novel species named Bradyrhizobium diazoefficiens sp. nov. The novel species includes several strains, the great majority isolated from soybean. It is worth mentioning that two of the strains used in our study are outstanding in their capacity to fix nitrogen with soybean: CPAC 7 is the most efficient strain in nitrogen fixation capacity used in commercial inoculants in Brazil Mendes et al., 2004) , and USDA 110 has been used in commercial inoculants in USA and in other countries and is now being broadly evaluated in Africa, so far with excellent results (http://www.n2africa.org/). Other strains in this group are also very effective in fixing nitrogen, with especially high rates with the soybean crop.
Description of Bradyrhizobium diazoefficiens sp. nov.
Bradyrhizobium diazoefficiens (di.a.zo.ef.fi9ci.ens. L. inseparable particle dis twice, doubly; N.L. n. azotum nitrogen; N.L. pref. diazo-pertaining to dinitrogen; L. part. adj. efficiens efficient; N.L. part. adj. diazoefficiens dinitrogen efficient, referring to the efficiency in nitrogen fixation displayed by several strains of the species).
Cells are Gram-negative, aerobic rods, as for other species of the genus Bradyrhizobium. Colonies are 1.2-1.5 mm in diameter, circular, convex, opaque and slightly pink on YMA containing Congo red after 7 days of growth at 28 u C. All known strains produce an alkaline reaction in YM. The strains grow at pH 4.5, with optimum growth at pH 6.8. They grow optimally at 28 u C, and are unable to grow at 37 u C. They do not grow on YMA in the presence of 1 % NaCl or in LB broth. 
